Three duodenally cannulated, lactating Holstein cows were dosed with rare earth-labeled grain to evaluate effects of passage model, sampling site, and marker dosing time on digesta passage parameters. Cows were given ad libitum access to feed twice daily. Rare earth-labeled grain (applied by the 24-h immersion technique) was fed immediately before (Dy) or 2 h after (Yb) the morning feeding, and duodenal digesta and feces were sampled. Marker excretion curves were fit to a twocompartment, biexponential model, using curve peeling or to a series of twocompartment models, with one to six orders of gamma timedependency in the fast compartment, using nonlinear regression. Passage estimates from the curve-peeled, biexponential model were similar to those from the best fit of the nonlinear models, which had three orders of gamma timedependency. Ruminal passage rate of grain, averaged across models, sampling site, and dosing time, was .077/h. Estimates of time to first appearance of marker at the sampling site and mean retention times were longer (8 vs 1 h and 25 vs 17 h, respectively), but passage rates were similar, when determined from fecal compared with duodenal samples (P < .05). Marker dosing time did not influence any of the parameters. It is concluded that both curvepeeling (linear regression) and nonlinear regression methods can be equally useful for evaluating passage h e t i c s of grain in dairy cows and that sampling site and time of marker dosing have little effect on passage parameter estimates. 
E l l i s et
.
Some investigators have reported that ruminal passage rate could be accurately predicted from fecal sampling (Prange et al., 1982; Pond et al., 1988) , whereas others (Robinson and Sniffen, 1983; Goetsch and Owens, 1985) have questioned the validity of fecal sampling for determining ruminal passage rates.
It has also been suggested that marked forage or grain do& before a meal of forage may have passage characteristics Merent from those of marked feeds dosed after (Pond et al., 1989) or with the meal (Leonard et al., 1989) .
Differences in methods and models for fitting passage curves, differences in sampling sites, and concerns about validity of dosing regimens complicate interpretation of digesta passage data and make comparison of results from various laboratories difficult.
This experiment evaluated methods of fitting passage data to twmmpartment models and the influence of sampling site and dosing time on estimates of grain passage kinetics through lactating Holstein cows.
Materlals and Methods
Three cows were used in a single experimental period, and each was fed marked grain both before and after a meal. Different rare earth markers were applied to the grain to test the effect of dosing time. Sequential samples were then taken from the duodenum and the rectum of all cows. Seven passage models were initially employed to evaluate passage parameters.
Animals and Diets. Three Holstein cows (643 kg) in late lactation (220 d in milk, 15 kg of miWd), each fitted with a duodenal cannula, were fed twice daily a 45% concentrate total mixed diet (Table 1) formulated to meet NRC requirements for CP, NE for lactation, Ca, and P for cows at this level of production (NRC, 1978). The gutter-T-type cannulas were constructed of polyethylene tubing with an internal diameter of 2.5 cm and were installed in the proximal duadenum anterior to the bile and pancreatic ducts while the cows were under general anesthesia. Surgeries were conducted approximately 6 wk before calving; cows received analgesic and antibiotic therapy during recovery from surgery and had recovered for at least 6 mo before the experiment. Cows had ad libitum access to feed, water, and trace mineralized salt blocks at all times and were individually housed in partially shaded pens with soil floors (4 m x 8 m aMtan from five observations/grain. bRulctiona~ specific gravity, c*dMeans in the same column with unlike superscript letters differ (P < .OS).
' "ter, at 2-h incubation (Hooper and W e l c h , 1985); mean from two observations/~. gravity was determined as described by Hooper and Welch (1985) .
Passage Models. Excretion curves for rare earths were fit to a twocompartment, timeindependent, time-independent (biexponential) model as described by Grovum and Williams (1973) using linear regression (curve peeling) or to the series of two-compartment models (emerging) with increasing orders of gamma timedependency in the first compartment (GlG1 to G6G1) using nonlinear procedures of SAS (1985) as described by Pond et al. (1988) . Both modeling approaches estimate passage from two sequential compartments (fast and slow) with a time delay (tau).
Because excretion curves for Yb and Dy were fit relative to time of dosing for the first marker @y>, tau for the second marker (Yb) was Calculated as tau minus 2 h. Passage rate from the slow compartment is designated as K2, and the passage rate from the fast compartment (lambda 1) was divided by the order of gamma timedependency and was designated at K1. This is consistent with the convention of Pond et al. (1988) , but is opposite to that of Grovum and Williams Ruminal passage rate of Co-EDTA (Co) was determined by regressing the natural log of Co concentration against time from 2 to 20 h after dosing for duodenal samples and from 12 to 28 h for fecal samples. Data could not be fit to a twocompartment model because there was only one point on the rising portion of the Co excretion curve for both duodenal and fecal Statistical Analysis. Passage parameters were compared using the GLM procedures of SAS (1985) . First, the effect of model (using excretion curves for both dosing times) was evaluated by sampling site with 2 df for animal, 6 df for model, and 33 df in the error term.
Because the Grovum and Williams model has been widely used to evaluate passage parameters, and because G3G1 provided the best fit of the nonlinear models, these two models were used to evaluate effects of sampling site and dosing time. Effect of sampling site was evaluated by model (either Grovum and Williams or G3G1) using excretion curves for both dosing times with 1 df for site, 2 df for animal, and 8 df in the error term.
Effects of dosing time on passage parameters within site and model were determined with 1 df for marker, 2 df for animal, and 2 df in the error term.
sampling.
Results
Dry matter intake averaged 23.6 kg/d (3.7% BW). Cows consumed 7.2 kg (or about 30% of their daily intake) between the time of the first and second marker feeding. Particle size distribution and functional specific gravity of marked and unmarked grain are shown in Table 2 . The marking procedure caused a decrease (P < .05) in large particles (> 4.0 mm) and an increase (P < .05) in small particles (.85 to 2.0 mm) but did not influence the proportion of medium (2.0 to 4.0 mm) or very fine (< .85 mm) particles. Particle size distribution of Dy-and Yb-labeled grain was not different. Functional specific gravity of grain particles after 2 h of incubation was not influenced by marking, and functional specific gravity did not change over the 24-h of incubation.
Passage rate of Co averaged .125/h when estimated from duodenal sampling and .121/h from fecal sampling (SEM = S1). Peak Co concentration was at 3 h after dosing at the duodenum and 12 h after dosing in the feces. Actual excretion curves for Dy and Yb for both sampling sites, averaged across the three cows, are presented in Figure 1 . Concentration of rare earths peaked later and declined more slowly than that of Co, evidence that the rare earths remained bound to particulate matter rather than disassociating from the particles and passing from the rumen with the liquid phase.
Influence of Passage Model on Passage Parameters. Passage parameters determined using the models of Growm and Williams (1973) and Pond et al. (1988) are presented in Tables 3 and 4 for duodenal and fecal sampling, respectively. Passage rate for the slow compartment (KZ) was not influenced by model, except that the GlGl (nonlinear regression fit, time-independent, time-independent) model resulted in a faster rate (P c .05) at the duodenum than did the other models. Estimates for K 1 and tau tended to decrease at both sampling sites as the order of gamma time-dependency was increased. As a consequence, retention time was shifted from tau to the fast compartment, but MRT was not influenced. Tau from duodenal sampling became negative with more than three orders of gamma time-dependency because curves were fit relative to dosing time for Dy, and tau for Yb was corrected for the 2-h delay in dosing time. Estimates of K1 and tau from the Grovum and Williams (1973) most similar to G2G1 and were the closest to actual first appearance of marker at the duodenum (1 h for one cow and 2 h for the other cows). Estimates of MRT were similar regardless of model at both sampling sites. Initial marker concentration was similar for all models at both sampling sites, except that it tended to be 10% higher when estimated from duodenal sampling using the GlGl model. Based on the criteria of Pond et al. (1988) , the best fit of the nonlinear regression models was with G3G1; residual error was reduced by more than 5% up through three orders of time dependency; little reduction occurred by further increasing the order of timedependency. The Grovum and Williams model (1973) and the G3G1 model of Pond et al. (1988) . referred to hereafter as GW and G3G1, respectively, were used to compare sampling site and dosing time.
Influence of Sampling Site on Passage Parameters. Sampliig site did not influence K2 or IC1 for either the GW of G3G1 models (Table 5) . For both models, tau and MRT were 7 to 8 h longer for fecal than for duodenal
Influence of Dosing Time on Passage
Parameters. Dosing time did not influence K2, K1, or tau for either model at either sampling site (Table 6 ). Estimates of MRT tended to be about 1 h longer (P < .lo) at both sites and for both models when the marker was administered after, rather than before, feeding.
sampling.

Discussion
That functional specific gravity and particle size were similar for the unmarked particles and for particles marked with Dy and Yb is important because particle size and specific gravity are the two most important physical factors influencing differential passage of particles from the rumen (Welch, 1986) .
Influence of Passage Model on Passage Parameters. In the present study, estimates of passage parameters were similar when estimated using the cwepeeling method of Grovum and Williams (1973) or the models of Pond et al. (1988) with two or three orders of time-dependency in the fast compartment (G2G1 and G3G1). The GlGl model and the GW model are conceptually the same (biexponential), but the GlGl resulted in faster K 2 at the duodenum than did the GW model. In this study, fast and slow rates were resolved by GlG1, which is in contrast to reports by Coleman et al. (1984) and Pond et al. (1988) . Pond et al. (1988) suggested that failure of GlGl to resolve fast and slow rates indicated timedependency in the fast compartment. They showed that introducing increasing orders of gamma timedependency in the fast compartment resulted in improved fit; as many as six orders were required to minimize residual error in some cases.
The differences between results presented here and those of Pond et al. (1988) may be caused by the higher feed intake in our study. Other studies with lactating dairy cows (Prange et al., 1982; Snyder et al., 1984) obtained results similar to our study. In theory, passage of particles from the rumen should be a time-dependent process. As retention time increases, particle size becomes smaller and specific gravity increases, which should increase the likelihood that particles will pass from the m e n (Welch, 1986; Ellis et al., 1988) . Nevertheless, Grovum and W i l l i a m s (1973) showed that a model with two sequential, time-independent compartments adequately described passage of liquid and particles through the gastrointestinal tract of sheep.
Thus, the inability of GlGl to resolve the fast and slow rates when DMI is low may be due to the nonlinear method of fitting rather than to the invalidity of the biexponential model. Worrell et al. (1986) fed meadow hay to yearling beef steers @MI averaged 2.2% of BW) and compared diffeRnt models for estimating passage rate of three forage particle sizes within three forage maturities. The onecompartment, timedependent model; the G2G1 model; and a graphical-fit, onecornpartment, time-independent-model @eak decay, log scale) gave different estimates of passage rate, but with all three models rate of passage was faster for smallest particles and for the ' Y b marked steam-€laked sorghum grain dosed 2 h after the morning feeding.
corrected for the order of gamma-tirne dependem, Tau = timc delay (h); and MRT = (1&) + ( l & ) + Tau.
least mature forage. Therefore, choice of passage model may be relatively unimportant when the main research objective is to determine relative differences in passage parameters.
It is important to correct the fast rate for time-dependency when comparing it to the time-independent rate or when calculating compartmental retention time. Goetsch and Owens (1985) compared GlGl with G2G1
and, although estimates of K2 were similar for both models, K1 estimated by G2G1 was consistently twice that estimated by GlG1. This discrepancy may have occurred because the timedependent K1 was not corrected for the order of time-dependency (e.g., [(K1)/2]).
The effect of passage model on passage parameters was similar at both sampling sites, except that GlGl resulted in a faster K2 than the other models at the duodenal sampling site, whereas model did not influence K2 at the fecal sampling site. Also, K1 was influenced by model at the duodenum. Although the trend was similar, there was no significant effect at the fecal site. The reason for these differences is not easily ascertained, but it may be because there were more points on the early portion of the duodenal excretion curves than on the early portion of fecal curves.
Influence of Sampling Site on Passage Parameters. Fecal sampling has been widely used to determine ruminal passage rate (KKi), but validity of this technique has been questioned (Goetsch and Owens, 1985) . Theoretically, ruminal sampling would be most appropriate. However, because it is difficult, if not impossible, to obtain a representative ruminal sample without disturbing the ruminal environment (Goetsch and Owens, 1985; Beauchemh and Buchanan-Smith, 1989 ), duodenal samp ling should result in the most reliable measurement of ruminal outflow (W. C. Ellis, personal communication) . Ideally, fecal sampling would be the preferred method because surgery is not required and would, therefore, allow for maximal intakes, high levels of production, or large numbers of animals.
In the present study, K1 and K2, estimated from duodenal and fecal sampling, were similar regardless of the model used. This suggests that when grain is fed to lactating dairy cows with high DMI, most (if not all) of the retention time for both the slow and fast compartments occurs in the rumen. In contrast, Pond et al. (1982 Pond et al. ( , 1988 and Range et al. (1982) reported that K2 was similar when determined from duodenal or fecal sampling, but that only about 60% of the retention time for the fast compartment occurred in the rumen. Goetsch and Owens (1985) reported that K2 was slower when determined from fecal than from duodenal samples for the G2G1 model, but not for the GlGl model.
The observation in the present study that tau was 7 h longer when estimated from fecal sampling compared with duodenal sampling is consistent with results from other studies, which showed differences of 7 to 10 h (Prange et al., 1982; Goetsch and Owens, 1985; Pond et aL, 1988) .
Influence of Marker Dosing Time. If passage kinetics were to differ significantly depending on the time of marker dosing, the value of passage data determined from pulsedosed markers would be limited. In the present study, marker dosing time had little influence on passage parameters for gain, although there was a tendency for MRT to be shorter when marker was dosed before rather than after feeding. Leonard et al. (1989) reported that whole corn had a longer MRT and that fewer whole kernels appeared in the feces when it was fed before, instead of concurrently with, hay. Pond et al. (1989) reported that MRT of forage was shorter when marked foraged was fed before rather than after a meal, but the magnitude of the difference was much larger than in the present study or that of Leonard et al. (1989) . This could have resulted from differences in methodology between the three studies, or because passage of grain is less influenced by ruminal stratification than that of hay. Moore et al. (1989) , however, found that ruminal passage rate of alfalfa hay through lactating Holstein cows was not different when marker was fed before or 2 h after feeding.
The conclusion, based on results of this study with grain and those of Moore et al. (1989) with hay, is that marker dosing time has little influence on passage parameters, at least with lactating dairy cows.
Use of rare earth markers to determine passage kinetics has been criticized. Criticism is usually based on differences in binding characteristics of rare earth (Allen, 1982) or on discrepancies in results when rare earths are sprayed on feed rather than applied by the immersion technique (Mader et al., 1984) . Goetsch and Galyean (1983) showed that when Dy and Yb were applied to aIfalfa hay by the immersion technique the resulting passage parameters were nearly identical. Moore et al. (1986) used immersion to label alfalfa hay and steam-flaked sorghum/gmin with Yb and Dy and showed that marker solubilization (19% for alfalfa hay and 11% for sorghum grain) was similar and marker migration to unmarked stems (1% for both hay and sorghum grain) was minimal for both elements during a 24-h in vitro digestion. In addition, Poore et al. (1990) rotated Dy, Yb, and Eu, applied by immersion, as markers for sorghurdgain, alfalfa hay, and wheat straw and found that ruminal passage rate (K2) for the various feeds was not influenced by the rare earth used. Because of this evidence, we conclude that Yb and Dy are useful in a multiple-marker system.
irnpiicatlons
Fitting the two-compartment, time-independent model using linear regression resulted in essentially the same passage parameter estimates as the best fit nonlinear model, so either method can be used to evaluate passage of grain through lactating cows. Estimates of passage rate were not influenced by sampling site, so fecal sampling is appropriate for evaluating ruminal events under the conditions of this study. Dosing marked grain before or after a meal did not influence passage parameters, and, therefore, it is suggested that marked grain be offered to cows at the beginning of a meal to encourage rapid and complete consumption.
